Defects in quaternary InAlGaN barriers and their effects on crystalline quality and surface morphology have been studied. In addition to growth conditions, the quality of the GaN template may play an important role in the formation of defects in the barrier. Therefore, this work is focused on effects caused by threading dislocations (TDs) and inversion domains (IDs) originating from the underlying GaN. The effects are observed on the crystalline quality of the barrier and characteristic surface morphologies. Each type of TDs is shown to affect the surface morphology in a different way. Depending on the size of the corresponding hillock for a given pinhole, it was possible to determine the dislocation type. It is pointed out that the smallest pinholes are not connected to TDs whereas the large ones terminate either mixed type or edge type TDs. At sufficiently large layer thickness, the IDs originating from the GaN template lead to the formation of concentric trenches at the layer surface, and this is related to the change in growth kinetics on top and at the immediate surroundings of the ID.
Introduction
Significant research work is being made on group III-nitrides due to important applications in optoelectronic and highfrequency high power devices. In this instance, InAlN has demonstrated good performances in high electron mobility transistors (HEMT) (Kuzmík, 2001; Gonschorek et al., 2006) , distributed Bragg reflectors (DBR) (Carlin & Ilegems, 2003) , and in light emitting diodes (LED) as cladding layers (Cheng et al., 2008) . This is due to (a) a large and direct band gap, (b) the inherent strong spontaneous polarization and (c) the e-mail: ben.ammar.hichem@hotmail.fr ability to stand extreme conditions such as high voltage, current and temperature (Butté et al., 2007; Maier et al., 2010) . It has been recently shown, that carrying out the metal organic vapour phase epitaxy (MOVPE) in a close coupled shower head reactor leads to unintentional gallium incorporation (Hiroki et al., 2013; Smith et al., 2014; Ben Ammar et al., 2017) and thus the formation of quaternary InAlGaN alloys. These quaternary alloys could exhibit better performances and strain free alloys as one may tune independently the gap and the lattice constant (Kneissl et al., 2006; Dogmus et al., 2016) . Therefore, this work is focused on quaternary InAlGaN as its growth is still challenging. One has to find a balance between the growth temperatures of the constituent binaries which are around 1050°C for GaN (Datta et al., 2004b) , up to 1200°C for AlN (Jianchang et al., 2009) , whereas InN may decompose at 565°C (Aumer et al., 1999) . Aumer et al. (1999) reported that a narrow window around 855°C is suitable for InAlGaN layers for the best optical efficiency. Moreover, quaternary alloys may undergo immiscibility and phase separation (Takayama et al., 2001; Purton et al., 2007) which is strongly dependent on the growth parameters such as temperature (Sadler et al., 2009 ), pressure (Kim-Chauveau et al., 2011 , precursor flux (Sadler et al., 2011) and even thickness (Chen et al., 2012) leading to the formation of hillocks, pinholes, cracks, and indium droplets etc. In addition, growth kinetics around TDs and IDs originating in the GaN buffer template may lead to similar degradations. Therefore, determining the origin and effect of each defect may help producing high quality layers by MOVPE.
For InGaN (Northrup et al., 1999) , the formation energy of a pit connected to a screw type threading dislocation has been theoretically estimated but, to our knowledge, no direct observations has yet been reported. Assuming that the growth of InAlN could be similar to that of InGaN, Kehagias et al. (2009) observed that pinholes were only due to dislocations with a screw component. This was confirmed later by Miao et al. (2009) who reported that pure edge dislocations do not generate pinholes in InAlN. More recently, it was shown that for InAlN one could have also edge dislocations connected to pinholes (Minj et al., 2015) . For InAlGaN layers grown on different quality templates, the effect of each type of dislocation (edge, screw and mixed) on crystalline quality and topography remains unclear as well as that of IDs. However for GaN, it has been reported that Ga-face terminated surface is smoother than N-face terminated surface (Daudin et al., 1996; Ponce et al., 1996; Rouviere et al., 1996; Vermaut et al., 1997) .
Moreover, it appears that the co-existence of both polarities induces pyramidal growth around the inversion domains in GaN (Daudin et al., 1996; Romano & Myers, 1997) as well as in AlN (Jasinski et al., 2003) whereas the surface morphology is more complex for InN (Jasinski et al., 2004) . For ternary alloys such as superlattices alloys AlGaN (Pécz et al., 2001) and InGaN (Mahanty et al., 1999) , it was reported that IDs terminate by giving rise to inverted pyramidal defects at the surface.
In this work, AFM is used to identify dislocations from their effects on the surface morphology within a correlation with TEM analysis, and the growth features on top of IDs are also been analysed.
Experimental
The studied samples were grown by MOVPE using AIXTRON close coupled shower head facility. Two quaternary layers S1 and S2 were grown at 875°C. The thicknesses are respectively 60 nm and 100 nm. The following stacking was used: Al 2 O 3 /GaN/InAlGaN. Sample S2 has an ultrathin interlayer of AlN (1.8 nm) on top of GaN. Standard precursors were used: trimethyl-based metals for indium, gallium, and aluminium with N 2 as a carrier gas under the same partial pressure.
The surface morphology of each sample was investigated by atomic force microscopy (AFM). We next prepared transmission electron microscopy (TEM) samples by focused ion beam (FIB) on well identified surface features using the SEM. Subsequently, the samples were analysed using both conventional and scanning TEM. The local compositions were determined by energy dispersive X-ray spectrometry (EDS).
Results and discussion

Pinholes and dislocations
The AFM micrograph of Figure 1 (A) represents a typical region showing morphological defects on S1. The layer surface is covered with hillocks, pinholes and trenches. Defects which do not correspond to pinholes are highlighted in a white square; they will be investigated in the second part of this study. The density of pinholes is 4.3 × 10 9 cm −2 and was determined from a total area of 6 µm². In the following a population of 110 pinholes is discussed. They were selected as isolated features in order to avoid any interference from neighbouring defects with the measurements.
Figure 1(B) shows the bar chart of the pinholes population distribution according to their diameters. Two distinct families can be observed. On the left side of the graph, the first family is sharing an average diameter of 32 ± 1 nm. Letter 'v' is assigned to 3 pinholes as examples in Figure 1 (A). They are the smallest pits. One can see that they can be found between hillocks; as it is the case for v 1 and v 2 , or at an edge of a hillock; which is the case of v 3 . Therefore, a connection between hillocks and v-pinholes may not be straightforward.
The right side of Figure 1 (B) shows pinholes with an average diameter of 46 ± 4 nm. These pinholes are always found on the top centre of hillocks. For these pinholes, we have measured the diameters of their hillocks as shown in Figure 1 (C). As can be seen, the pinholes that we have observed can be further separated into two categories depending on the hillocks diameter. Fifty-nine percent have a diameter of 79 ± 7 nm (left side of Fig. 1C ) and 41% have a diameter of 111 ± 7 nm (right side of Fig. 1C ). Thus, letters 'e' and 'm' were assigned to examples in Figure 1 (A), respectively. Note the higher number of e-pinholes in the selected population. In addition, the hillocks of e-pinholes and m-pinholes have their heights at 1 ± 0.2 nm and 2 ± 0.3 nm, respectively.
The same approach has been used for sample S2. The pinholes density for S2 is 0.9 × 10 9 cm −2 . They were also classified similarly into two families regarding their diameter. Interestingly, the first family (v-pinholes) is the same as for S1. But, for the pinholes of the second family, the average diameter of the pits is increased by ß66%. Note that the thickness of sample S2 has been also increased by ß66%.
In order to investigate the relationships between the type of TDs and the pinholes, TEM observations were carried out in cross section and plan-view.
For cross section, SEM was used to locate the features of interest and corresponding samples were prepared by FIB. A typical zone for sample S1 is displayed in Figure 2 (A) where the white rectangle corresponds to the estimated TEM lamella. As can be seen, the observed sample contains some nine large pinholes and a small one as indicated by the black arrow. The corresponding area has been analysed by TEM using diffraction contrast images with both g = 11-20 and g = 0002 as shown respectively in Figure 2 to a v-pinhole and its neighbours should be either 'e' or 'm' pinholes.
On the two samples, additional TEM specimens were prepared for plan view observations (not shown here) and the TDs densities were calculated for each sample (Datta et al., 2004a) . In each case, the investigated regions extended to more than 6 µm² areas in order to be consistent with AFM observations. The measured TDs densities were 2.7 × 10 9 cm −2 and 0.4 × 10 9 cm −2 for S1 and S2, respectively. In both cases these densities are lower than the pinholes densities. Therefore, additional pinholes are formed inside the alloy during the growth and have different formation mechanisms. These pinholes should be the v-pinholes identified by AFM and SEM as the smallest and they are not connected to TDs. In particular for S1, 68% are 'a' type TDs and 32% are 'a+c' type TDs. No pure screw type TDs were observed, meaning that their density is probably very small. Therefore the majority of TDs are edge type.
In comparison with AFM trend of the size of the hillocks, the edge type TDs should correspond to what we have designated as e-pinholes, so that the remaining mixed type TDs should be connected to m-pinholes.
Indeed, the ratio given by the AFM corresponds to the population of isolated pinholes and this may not reflect the exact density of pinholes. However, as can be seen, the AFM data follows the trend of TEM observations in which all the present dislocations have been counted. Therefore, it can be concluded that all dislocations terminate as pinholes at the AlGaInN layer surface. Then if we take the e-and m-pinholes of the AFM data as the edge and mixed type dislocations from the TEM observation, we can state that the largest hillocks correspond to mixed type dislocations.
From the above observations, it can be concluded that pinholes can be related to hillocks, they are mainly located at their top, and may also form in the coalescence areas in agreement with the work by Perillat-Merceroz et al. (2013) carried out in InAlN layers grown using low TDs density free standing GaN templates. Moreover, as clearly shown for the nine-edge TDs in Figures 2(A) and (B), probably depending on the growth conditions, all the types of dislocations can generate pinholes at the layer surface (Minj et al., 2015) ; this is in contrast to reports which stated that only screw and mixed type dislocations open up as pinholes (Kehagias et al., 2009; Miao et al., 2009) .
Finally, we can propose an identification method of pinholes and dislocations from AFM analysis of the pinhole and its environment for the investigated layers. For a 60 nm layer, when the pinhole has a diameter less than 30 nm, it should be not connected to a dislocation and is due to inherent degradation of the quaternary alloy. This kind of pinholes can be located between or on top of hillocks. When the pinhole is above 40 nm in diameter, it is systematically in the centre of a hillock and always connected to a dislocation. Moreover, the diameter and height of the associated hillock can be used to identify the underlying dislocation type. We have pointed out that the associated hillock's diameter and height of e-pinholes are smaller than for m-pinholes. The e-pinholes are connected to edge type dislocations whereas m-pinholes should be connected to mixed type dislocations. In our samples, the TEM observations point out that the screw type dislocation density is very low, therefore, the observed m-pinholes were connected to mixed type dislocations.
Growth on inversion domains
As shown in Figure 1(A) , more complex morphological features have also been observed at sample S1 surface with a consistently high density, but also could be seen in S2. Figures 3(A) and (B) display scanning electron microscopy (SEM) micrographs of these structures, respectively, on S1 and S2. The feature on S1 has a highly elongated central part (Fig. 3A) which is surrounded by separated pinholes. The morphology is very different for the features at the S2 surface, in this case, the nucleus is also elongated but is larger (Fig. 3B) and it is surrounded by trenches which may or may not be closed. In the two samples, the average distance between each nucleus and the first trench/pinholes is around 15 nm (S2) to 25 nm (S1).
Unfortunately, due to the high density of dislocations on S1, isolating these features for clear TEM observation has not been possible. For S2, TEM specimen has been prepared by FIB across the short length of the core of the feature shown in Figure 3(B) .
The dark field micrograph of the area of interest of Figure 4 (A) was recorded with g = 0002. It shows the core elongated parallel to a <10-10> direction. In this figure, the white star marks the position of the core in the InAlGaN barrier. In the underlying GaN, one can see a well-defined domain of ß 40 nm width which exhibits a dark contrast all the way down to the substrate. This contrast indicates the presence of an ID (Potin et al., 1999) . The convergent beam electron diffraction (CBED) in this area is shown in From simulations of convergent diffraction patterns along a <10-10> zone axis, it comes out that we have an agreement at 123 nm with a Ga-polar matrix and the domain has a Npolarity in agreement with our previous work (Potin et al., 1999) .
ADF micrographs of Figure 5 were recorded at <11-20> zone axis. The used camera lengths were 8 cm and 20 cm, respectively, for Figures 5(A) and (B). The position of the inversion domain boundaries in GaN are indicated by the two arrows 'IDBs'. For comparison with the SEM observation, the two trenches have been marked as #1 and #2 (in Fig. 5A ). The asymmetry of the feature is visible with three dips on the right side, whereas only two are present on the left side. On top of the ID, the dip is more profound in agreement with earlier observations which showed that the growth of a thin layer above N polar domains should exhibit slower growth rate than the surrounding matrix (Rouviere et al., 1996) . In Figure 5 (A), a close examination shows that the AlN interlayer does not have a uniform thickness in this area. It does even disappear at the top of the inversion domain. With a large camera length, the strain contrast is enhanced as can be seen in Figure 5 (B). The boundaries of the inversion domain highlighted in GaN region are quite extended. This means that none of them are viewed completely edge on all along the TEM sample thickness. It should also be noticed that on top of the ID, strain has built up inside the InAlGaN layer.
In the small area of homogeneous contrast just above the ID, EDS measurements show Al enrichment with atomic composition of 77% Al, 16% In and 7% Ga. This composition gives an in-plane lattice parameter 3.184Å which is very close to that of GaN as calculated from Vergard's law (McIntosh et al., 1996) . Away from the defects, the same measurements lead to an average composition of 65% Al, 22% In and 13% Ga. The composition inside the external trenches showed significant variation. However, an interesting trend should be pointed out: the aluminium content is changing from 69% up to 76%, and the indium from 12% to 18%; but the gallium composition remains stable and is measured at 12%-13%, within the EDS error of 1%. Therefore, inside this particular area, there appears to be interplay between the Al and In along the probed region. The high-angle annular dark field image (HAADF) of Figure 6 shows the left side of the core. It highlights the detail of the layer structure and chemical composition from the left IDB to the first trench. The configurations are complex starting at the GaN surface of the inversion domain. The geometry of the ID is reflected in this image where the boundaries are not edge on (black arrows) as previously discussed in Figure 5 . The strain contrast shows that the defects close to the interface are only localised on the top of the ID. From the IDB to the first step feature (the position is marked with a white arrow), the AlN thickness increases from 1 nm to 1.2 nm. At position #1 from where the apex of the first trench is initiated the thickness of the AlN reaches 3 nm. Past this point, the thickness of the interlayer decreases again until the location of the second trench is reached.
In Figure 7 , the start point of the second trench is marked with #2. One can notice that the AlN layer thickness attains its largest value and decreases to the nominal value as shown by the vertical arrows at the interface from the right to the left side of the image. As also can be seen in Figure 7 (horizontal white arrows), compositional fluctuations take place along the growth direction below the forming trench.
From these observations, such defects appear to form due to the growth dynamic changes on top of the N polar ID and around its immediate surroundings. The growth conditions of S1 and S2 are almost the same, with two notable differences between them, (1) the growth time (S1: 60 nm, S2: 100 nm) and (2) AlN interlayer (S2 has a 1.8 nm AlN interlayer between GaN and InAlGaN). Therefore, in a first step, it may be assumed that the trenches started from separate pinholes. As seen in S1, the elongated core is surrounded by pinholes, among some of which are already squished together. In a second step, when the thickness was increased from 60 nm to 100 nm the coalescence of the pinholes gives an appearance of trenches. In addition, only single pinhole circles were formed around all the IDs observed on the S1 surface, whereas up to three trenches were observed on S2 suggesting that their number may be related to the noticed interplay between the Al and In. This interplay leads to segregation of adatoms in preferential sites. For instance, positions #1 (Fig. 6 ) and #2 (Fig. 7) are Al-rich regions. The increase of the layer thickness leads to pinholes coalescence most probably assisted by the different growth rates as well as metallic atoms incorporation along the various directions.
On top of the ID, the growth kinetics is obviously different from the immediate surrounding which is Ga polar. InAlGaN barrier that is growing on top of N-polar exhibits compositional fluctuation as well as different strain states (contrast changes observed in Fig. 5 ). Moreover, it appears to be limited by growth steps. This is dramatically influencing the growth kinetics in the basal plane. As observed in the AlN layer thickness that increases until the point where fluctuations are initiated; and eventually leads to the trench formation.
Conclusion
Substrate-related degradation of the InAlGaN layers has been investigated by surface morphology and structural analysis using AFM and TEM, respectively. In this investigation it is shown that edge-type threading dislocations open up as pinholes on the top of hillocks. The difference with mixed-type threading dislocations lies in the size of the associated hillocks. Moreover, smaller pinholes (half in diameter) not connected to threading dislocations were observed; they may or may not be connected to hillocks. They form as a result of strain relaxation in InAlGaN. Besides pinholes terminating threading dislocations from the substrate, trenches or pinholes arranged in circular rows were observed and related to inversion domains. Their formation may be explained by considering the change in growth rate between the N-polar ID and the surrounding Ga-polar matrix and a continuous built-up of local strain due to composition fluctuations. This leads to the formation of concentric ring trenches when the AlGaInN layer thickness approaches 100 nm.
